Recent advances in our understanding of translational dynamics indicate that codon usage and mRNA secondary structure influence translation and protein folding. The most frequent cause of cystic fibrosis (CF) is the deletion of three nucleotides (CTT) from the cystic fibrosis transmembrane conductance regulator (CFTR) gene that includes the last cytosine (C) of isoleucine 507 (Ile507ATC) and the two thymidines (T) of phenylalanine 508 (Phe508TTT) codons. The consequences of the deletion are the loss of phenylalanine at the 508 position of the CFTR protein (⌬F508), a synonymous codon change for isoleucine 507 (Ile507ATT), and protein misfolding. Here we demonstrate that the ⌬F508 mutation alters the secondary structure of the CFTR mRNA. Molecular modeling predicts and RNase assays support the presence of two enlarged single stranded loops in the ⌬F508 CFTR mRNA in the vicinity of the mutation. The consequence of ⌬F508 CFTR mRNA "misfolding" is decreased translational rate. A synonymous single nucleotide variant of the ⌬F508 CFTR (Ile507ATC), that could exist naturally if Phe-508 was encoded by TTC, has wild type-like mRNA structure, and enhanced expression levels when compared with native ⌬F508 CFTR. Because CFTR folding is predominantly cotranslational, changes in translational dynamics may promote ⌬F508 CFTR misfolding. Therefore, we propose that mRNA "misfolding" contributes to ⌬F508 CFTR protein misfolding and consequently to the severity of the human ⌬F508 phenotype. Our studies suggest that in addition to modifier genes, SNPs may also contribute to the differences observed in the symptoms of various ⌬F508 homozygous CF patients.
Changes in mRNA secondary structures have major biological consequences (1) (2) (3) (4) . Identification of disease causing mutations that alter the regulatory regions of mRNAs (5) and single nucleotide polymorphisms (SNPs) in the coding regions that control gene expression (6) support this idea. Studies on the dynamics of translation also establish that the secondary structure of the mRNA determines the length of the pause cycles and the rate of translation (7) . Membrane integration and folding of multi-spanning membrane proteins is mainly cotranslational (8, 9) , and therefore mRNA structure-related changes in translational dynamics are likely to influence membrane protein folding.
Cystic fibrosis (CF) 2 results from mutations in the CFTR gene (10 -12) . CFTR, a multi-spanning membrane glycoprotein in the ABC transporter superfamily, functions as a chloride channel in epithelial cells and regulates complex cellular functions (13, 14) . The most common disease-causing mutation in CFTR is the deletion of three nucleotides (CTT) that results in the loss of Phe-508 (⌬F508) and a synonymous SNP (ATT) for Ile-507 (11, 15) . Because ⌬F508 CFTR is misfolded and subject to rapid endoplasmic reticulum-associated degradation (ERAD) (16 -18) , CF has become an excellent model for protein folding disorders (19 -21) . Previous studies, however, have focused on the CFTR protein only, without considering the possible effects of the mutation on CFTR mRNA structure, translation, and cotranslational protein folding.
The concept that mutations may alter mRNA structure and protein folding led to the experiments presented herein. We compared the structures of WT and ⌬F508 CFTR mRNAs via molecular modeling (22, 23) and circular dichroism (CD) spectroscopy (24) . To confirm the differences in mRNA structures, we developed an mRNA folding assay based on published methods (25) (26) (27) . We also analyzed the stability and compared the translational rates of WT, ⌬F508 (Ile507ATT), and an SNP variant (Ile507ATC) of ⌬F508 CFTR mRNAs. Based on the observed differences between the translational rates of two variants of ⌬F508 CFTR mRNAs, we developed cell lines and compared the expression of the native (Ile507ATT) and variant (Ile507ATC) ⌬F508 CFTR. The results indicate that mRNA "misfolding" may contribute to the severity of the ⌬F508 phenotype.
EXPERIMENTAL PROCEDURES
Molecular Modeling-mRNA structural models were created using the MFOLD algorithm (22, 28) .
Plasmids-pcDNA3.1 constructs containing WT (pcDNA3. 1-WT) or ⌬F508 CFTR (pcDNA3.1-⌬F508CFTR-Ile507ATT) were used for in vitro transcription and translation experiments as described previously (29, 30) .
Construction of pcDNA3.1 ⌬F508CFTR-Ile507ATC-The Stratagene QuikChange Primer Design Program was used to create mutagenic primers. The construct was generated using QuickChange Lightning Site-Directed Mutagenesis kit (Stratagene 210518) with pcDNA3.1⌬F508 (Ile507ATT)) as a template. All constructs used in these studies were sequenced prior to experiments at the UAB Department of Genetics Sequencing Core Facility.
In Vitro Transcription of CFTR mRNA for Circular Dichroism (CD) Studies-CFTR transcripts were synthesized from Xhol-cut pcDNA-WT or pcDNA-⌬F plasmids using MEGAscript T7 (Ambion, AM133) and purified using MEGAclear (Ambion AM1908) according to the manufacturer's recommendations.
Circular Dichroism Spectroscopy-CD spectra of refolded WT and ⌬F508 CFTR mRNA (0.35 mg/ml) samples were acquired with a JASCO J-815 spectrophotometer (31, 32) at 4.6°C in a 0.1-cm cell with a data pitch of 0.2 nm and 8 s averaging time. Three individually synthesized and purified mRNA samples from each construct were tested. Each sample was run six times to obtain the CD spectra. The results represent the average and standard deviation of 18 samples. The results are expressed in molar ellipticity [] as function of the wavelength () (28 -30) .
mRNA Folding Assays-The mRNA folding assays were designed based on the principles of the selective 2Ј-hydroxyl acylation reaction analyzed by primer extension (SHAPE) assay (25) (26) (27) with the following modifications. We inserted ϳ150-nucleotide fragments from the mutation region of the CFTR gene (WT, ⌬F508 (Ile507ATT) or variant ⌬F508 (Ile507ATC)) into a cassette containing T7 promoter and linker sequences that allow the synthesis of the mRNA fragments. The purified products were placed in RNA folding buffer (27) and subjected to digestion with RNase T1 (Ambion AM2283) that cleaves the 3Ј-end of single-stranded G residues. Digestion times and RNase T1 concentrations were first optimized, and experiments were performed using 0.01 unit or 0.05 unit of T1 for 15 min at 25°C. RNase T1 activity was stopped with the addition of 3 M ammonium acetate and ethanol. Following a 70% ethanol wash and air-drying, samples containing the RNA digests were solubilized in H 2 O and used in one-step semi-quantitative RT-PCR (Applied Biosystems 4309169) to amplify WT and ⌬F508 CFTR-specific fragments. Primers were designed based on the differences in the predicted secondary structures of the WT and ⌬F508 CFTR mRNA fragments and the expected digests following RNase T1 digestion. WT CFTR fragment specific primers: WT Primer 1: 5Ј-CCT GGC ACC ATT AAA GAA; WT Primer 2 (complementary): 5Ј-TTC TGT ATC TAT ATT CAT-3Ј; ⌬F508 fragment-specific primers: ⌬F508 primer 1 (complementary): 5Ј-TTT AAT GGT GCC AGG C-3Ј; ⌬F508 primer 2: 5Ј-TGG AAG AAT TTC ATT CTG TTC TCA G-3Ј. PCR products were analyzed on 5% agarose gels and visualized with ethidium bromide.
In Vitro Transcription/Translation in the Presence of Microsomes-In vitro translation reactions in the presence of microsomes were performed as described previously (29) with specific modifications. Full-length WT, ⌬F508 (Ile507ATT), and ⌬F508 (Ile507ATC) CFTR proteins were synthesized from pCDNA3.1 WT, pCDNA3.1 ⌬F508 (Ile507ATT), and pCDNA 3.1 ⌬F508 (Ile507ATC) plasmids. Six parallel translation reactions were performed for each construct. Ten minutes after addition of canine pancreatic microsomal membranes (Promega Y4041), translation initiation was stopped with aurintricarboxylic acid (ATA, 100 M final concentration, Sigma A1895). Translation rates were determined from the reaction mixture based on the incorporation of [
35 S]methionine via TCA precipitation at different time points following addition of ATA. Results are presented as the means Ϯ S.D. of six samples.
WT and ⌬F508 CFTR mRNA Half-life Measurements-CFTR mRNA half-lives were measured in HeLaWT or HeLa⌬F cells (33) cultured under standard conditions as described (57) . The mRNA half-lives were calculated from the exponential decay based on: C/C 0 ϭ e Ϫkdt (C and C 0 are mRNA amounts after time t and at t 0 , respectively, and k d is the mRNA decay constant). CFTR mRNA levels were measured by real time RT-PCR (32) .
Development of Cell Lines Expressing Native (Ile507ATT) or Variant (Ile507ATC) ⌬F508 CFTR-293F cells (Invitrogen) were used to express native and variant ⌬F508 CFTR under the control of the tetracycline-responsive element (TRE) as described previously (34 -40) . See supplemental materials for details.
Western Blotting-Cellular proteins were isolated and separated using standard protocols as described (35, 56) . Following Western transfer, CFTR was detected using the MM13-4 anti-CFTR N-terminal monoclonal antibody and ECL (Millipore).
Statistical Analysis-Results are expressed as means Ϯ S.D. Statistical significance among means was determined using the Student's t test. A "p" value of Ͻ0.05 was considered significant.
RESULTS

Molecular Models of Human WT and ⌬F508 CFTR mRNAs
Predict Secondary Structural Differences-We utilized the fulllength coding sequences of human WT and ⌬F508 CFTR (NCBI Reference Sequence: NM_000492.3) (11) to obtain theoretical models of the resulting mRNA transcripts. Using the MFOLD algorithm (23), fifty theoretical structure models were generated with different energy values. The calculated minimal free energy values for WT and ⌬F508 CFTR were E wt ϭ [Ϫ1148.49 to Ϫ1136.05] and E ⌬F ϭ [Ϫ1144.04 to Ϫ1127.82], respectively. Within most of the models, and more importantly, in all models generated with the lowest energy values, the ⌬F508 CFTR mRNA formed two enlarged loops with long single-stranded regions close to the mutation site (Fig. 1, A and B) . We did not observe significant changes in the predicted secondary structures outside of the region containing the mutation (supplemental Fig. S1, A and B) . Although there were only slight differences in the minimal energy values for WT and ⌬F508 CFTR mRNA, the WT CFTR mRNA had a lower energy minimum than the mutant. Therefore, the mutation introduces a synonymous codon, ATT for Ile-507 (Fig. 1, A and B) . Based on this observation, we restored the native codon for Ile-507 (ATC) in the mutant and obtained theoretical models ( Fig. 1C and supplemental  Fig. S1C ). Importantly, there were no enlarged single-stranded loops in the models of Ile507ATC ⌬F508 CFTR mRNA (compare Fig. 1, A-C) . Furthermore, the minimal energy value of the Ile507ATC ⌬F508 CFTR variant (E ⌬FIle507ATC ϭ [Ϫ1147.94 Ϫ1134]) was closer in value to the WT CFTR mRNA. Analysis of all synonyms in the vicinity of the mutation also revealed that CTT deletion from a CFTR with a Phe508TTC codon would result in the restoration of the native codon for Ile507 (ATC) in ⌬F508 CFTR. This implies that the Ile507ATC ⌬F508 CFTR variant may exist naturally. In summary, the models suggest that the Ile507ATT SNP is responsible for the formation of the enlarged single-stranded loops in the ⌬F508 CFTR mRNA.
CD Spectroscopy Reveals Structural Differences between WT and ⌬F508 CFTR mRNA-To confirm the structural alterations of the ⌬F508 CFTR mRNA, we analyzed in vitro transcribed WT and ⌬F508 CFTR mRNA by CD spectroscopy as described (24, 32) . The CD spectra of the ⌬F508 CFTR mRNAs had a decrease in maximum intensity (16.68; S.D. ϭ 0.05; n ϭ 18) at 271 nm, with a 3-nm shift of the maximum wavelength position compared with WT maximum (16.8; S.D. ϭ 0.01; n ϭ 18, p ϭ Ͻ0.002) at 268 nm. The ⌬F508 CFTR spectrum shows an increase in the intensity of the minimum (11.42; S.D. ϭ 0.01; n ϭ 18) at 209 nm with a 1-nm shift toward longer wavelengths compared with the WT CFTR mRNA spectrum minimum (12.4; S.D. ϭ 0.09; n ϭ 18; p ϭ Ͻ0.001) (Fig. 1D , left panel). The differences between WT and ⌬F508 CFTR mRNA CD spectra are shown as difference spectra in Fig. 1D , right panel. Because these types of spectral alterations result from unstacked bases in single-stranded regions or from disruption of helical base paired loops (31, 41, 42) , the CD spectra support the predicted structural differences between the WT and the ⌬F508 CFTR mRNA.
RNA Folding Assays Confirm the Predicted mRNA Structural Differences within the Mutated Region-
Because the CD spectra do not provide information about the location of the structural differences, we developed a biochemical RNA folding assay to confirm the presence of the hairpin loop (WT and ⌬F508 Ile507ATC; Fig. 1 , A and C) or the two enlarged single-stranded loops (⌬F508 Ile507ATT; Fig. 1B ) in the CFTR mRNAs. Because the full-length CFTR mRNA is not suitable for secondary structural analysis using presently available techniques, we tested whether the predicted structural differences exist in excised segments of the CFTR mRNAs using a modification of a previously developed assay (27) . For these studies, we selected the region of interest, a ϳ150-base long sequence in the WT, ⌬F508 (Ile507ATT), and variant ⌬F508 (Ile507ATC) CFTR, with the mutation located in the center of the sequence. We chose the 150 base length fragments of the CFTR mRNA for our analysis based on the original protocol by Wilkinson et al. (27) indicating that the maximum length of an RNA fragment that allowed the proper function of the attached folding elements was ϳ150 bases. Then, we obtained theoretical models for the resulting CFTR mRNA segments. Importantly, the theoretical models predicted identical structural elements for all three fragments as seen in the fulllength mRNAs (nucleotides corresponding to 1503-1540 (WT), 1503-1537 (⌬F508 Ile507ATC), and 1498 -1561 (⌬F508 Ile507ATT) (Fig. 2, A-C) ). We also analyzed the models of sev- eral different length mRNA fragments and found identical elements at the vicinity of the mutation as in the full-length mRNAs (data not shown).
To confirm the presence of these mRNA secondary structural elements, we cloned the regions of interest of the WT, ⌬F508 (Ile507ATT) and variant ⌬F508 (Ile507ATC) CFTR cDNAs into a cassette that allowed the synthesis of the RNAs (27) . Following in vitro transcription and purification of the CFTR mRNA fragments, we placed them into a folding buffer that promotes the formation of secondary structures (27) . To map the predicted loop regions, we digested the folded RNAs with single-strand specific RNase T1. If the theoretical models are correct, the T1 digestion site mapping should generate different fragments for the WT, ⌬F508 (ATT) and variant ⌬F508 (ATC) constructs (Fig. 2, A-C, solid lines) . Based on the proposed RNase T1 digest fragment sizes and sequences, we designed primers for the WT and the ⌬F508 CFTR constructs. Following optimization of the T1 RNase reactions, we digested the folded RNA samples with RNase T1 (0.01 and 0.05 units for 15 min at 25°C). Then, we purified the digested fragments, performed RT-PCR and analyzed the results on agarose gels (Fig. 2, bottom panels) . The predicted WT CFTR construct specific fragment (61 bp) was amplified from only the WT samples following digestion with T1 (Fig. 2, lower left panel, white  arrow) . No 61-bp fragment was amplified from the Ile507ATT ⌬F508 CFTR samples using the WT-specific primers. Whereas, 
D.
WT specific PCR product after RNase T1 digestion ΔF508 specific PCR product after RNase T1 digestion in the variant ⌬F508 (Ile507ATC) samples, we detected a WT CFTR-specific PCR product following digestion with 0.01 U T1 (Fig. 2 , lower left panel, black arrow) but not after digestion with 0.05 units of T1. When we added ⌬F508 CFTR fragment-specific primers to the reaction mixture, the PCR product of the predicted size (55 bp) was only present following digestion with the higher activity T1 (0.05 unit) in the ⌬F508 (Ile507ATT) samples (Fig. 2, lower right panel, white arrow) . Because of the slightly different structure of the variant ⌬F508 (Ile507ATC) CFTR compared with the WT, neither WT nor ⌬F508 specific products were seen in the Ile507ATC variant samples following complete digestion (0.05 unit of T1) (Fig. 2, right panel) . The presence of both WT and ⌬F508 specific fragments in the variant ⌬F508 samples after digestion with 0.01 unit of T1 probably result from less efficient digestion caused by the more WTlike structure, or the presence of mixed structures in the Ile507ATC variant (Fig. 2) . These results further support the predicted secondary structural differences between WT and ⌬F508 CFTR mRNA in the region of the mutation and confirm the formation of the predicted structures in the fragments.
Because of a lack of biochemical assays to confirm the secondary structural differences in the full-length CFTR mRNAs, it is notable that prediction of identical structural elements in the full-length and fragment CFTR mRNAs implies that a single nucleotide change in the third position of the Ile507 codon (C to T) carries a strong mRNA secondary structure determination potential.
Misfolding of ⌬F508 CFTR mRNA Does Not Affect mRNA Half-life-To investigate the consequences of mRNA "misfolding" on ⌬F508 CFTR mRNA stability, we measured the halflives of WT and ⌬F508 CFTR mRNA in HeLaWT and Hela⌬F cells (43, 44) . The half-life of WT CFTR mRNA was 3 h, 4 min, or about 50 min shorter than the ⌬F508 CFTR mRNA half-life. Based on a number of CFTR mRNA stability assays performed in different cell lines (data not shown), this difference between the half-lives of WT and mutant CFTR is not significant (Fig.  3A) . This observation supports the concept that misfolding of the mutant mRNA does not decrease mRNA stability.
Misfolding of ⌬F508 CFTR mRNA Reduces the Translational Rate-We began these studies by comparing the transcription of WT and ⌬F508 CFTR. Although we did not expect differences in transcription efficiency, it was important to rule out this possibility. The results indicated that WT and ⌬F508 CFTR mRNA levels were identical following in vitro transcription.
To test whether the enlarged single stranded loops in the ⌬F508 CFTR mRNA altered the translation of the mutant protein, we performed in vitro translation reactions using equal amounts of WT, ⌬F508 (Ile507ATT), and variant ⌬F508 (Ile507ATC) CFTR mRNAs as templates in the presence of microsomes that lacked proteasomes. We eliminated the mRNA relaxation step that would abolish the secondary structures and placed the mRNAs into folding buffer prior to translation. Translation initiation was blocked 10 min after the reaction start and [
35 S]methionine incorporation was monitored at different time points following the block. The results indicate a higher [ 35 S]methionine incorporation into WT than ⌬F508 (Ile507ATT) CFTR at earlier time points (p Ͻ 0.01 at 15, 20, 25, and 30 min; Fig. 3B ). The rate of radioactivity incorporation into the variant ⌬F508 (Ile507ATC) CFTR was similar to that observed for the WT (Fig. 3B) . By 50 min, the rate of [
35 S]methionine incorporation was equal for all three constructs. These results support the idea that the enlarged single-stranded regions in the vicinity of the mutation slow down translation.
Higher Protein Expression of Ile507ATC ⌬F508 CFTR in 293F Cells Compared with the Native Ile507ATT ⌬F508 CFTRTo investigate the effect of the synonymous (Ile507ATC) SNP on ⌬F508 CFTR protein expression, we developed 293F cells with inducible native (Ile507ATT) or variant (Ile507ATC) ⌬F508 CFTR expression and selected clonal lines. After standardizing CFTR mRNA levels, we compared native and variant ⌬F508 CFTR protein levels by Western blotting (Fig. 4) . Because the selected native Ile507ATT ⌬F508 CFTR clone expressed ϳ35% of the CFTR mRNA expressed in the variant (Ile507ATC) clone, we loaded one-third of the protein lysate from ⌬F508 variant cells than from the native Ile507ATT ⌬F508 CFTR-expressing cells (Fig. 4A) . As demonstrated in Fig.  4A (left panel) , the expression of the variant (Ile507ATC) was significantly higher than native ⌬F508 CFTR. Because ⌬F508 CFTR is rapidly degraded from the ER (16 -18, 38) , increased expression of the Ile507ATC variant (Band B) may be the result of enhanced translation or reduced ERAD. Therefore, based on our previous studies indicating that ERAD is inhibited at low temperature (46) , and ⌬F508 CFTR can be rescued from ERAD when cells are cultured at 27°C (47, 48), we tested the effect of low temperature culture on the two ⌬F508 CFTR variants using Western blotting. As shown in Fig. 4A (right panel) , a 4-h culture at low temperature resulted in significant increase in native ⌬F508 CFTR Band B levels. In contrast, variant (Ile507ATC ⌬F508 CFTR) Band B levels did not increase significantly at 27°C. Interestingly, we did observe rescue (Band C expression) from the Ile507ATC variant. The minimal change in variant (Ile507ATC) Band B levels following low temperature culture A, WT and ⌬F508 CFTR mRNA half-life measurements. Cells expressing HeLaWT and HeLa⌬F cells were treated with actinomycin D to inhibit transcription. RNA was isolated at the time points specified and relative CFTR mRNA levels were measured by real time RT-PCR. CFTR mRNA levels at the start of the experiment (T 0 ) were set as 100%. Results are plotted as % of CFTR mRNA/t 0 . CFTR mRNA half-lives were calculated from the exponential decay based on trend line equation C/C0 ϭ e Ϫkdt (C and C 0 are mRNA amounts after time t and t 0 , respectively, and k d is the mRNA decay constant; R 2 ϭ 0.99). Results were validated in three independent experiments. B, in vitro CFTR translation rates in the presence of microsomes and ATA. ATA was added 10 min after initiation of translation. Incorporation of [
35 S]methionine was measured 15, 20, 25, 30, 50, and 60 min following addition of ATA. *, significant differences were found in 35 S incorporation levels between WT and ⌬F508 (Ile507ATT) CFTR translation at 15, 20, 25, and 30 min; n ϭ 6; p Ͻ 0.01. No significant differences were found in the translation rates of WT and variant ⌬F508 (Ile507ATC) CFTR.
suggested that the protein produced from the Ile507ATC variant is more resistant to ERAD. To confirm this, we compared the effect of low temperature on Band B levels of native and variant ⌬F508 CFTR Fig. 4B . Whereas we observed ϳ5-fold increase in native (Ile507ATT) ⌬F508 CFTR Band B levels at low temperature (4 h), there was no significant change in variant (Ile507ATC) ⌬F508 CFTR Band B, supporting the hypothesis that the protein expressed from the Ile507ATC CFTR variant is less accessible to ERAD.
As additional support for enhanced Band B expression from the Ile508ATC variant and because the efficiency of induction may vary between experiments, we measured CFTR mRNA levels (Fig. 4C ) from the same samples tested by Western blotting. Based on the measured mRNA levels, we performed a serial dilution of cell lysates to compare protein expression levels to mRNA expression (Fig. 4D) . The results indicate that there was more immature protein (Band B) and mature protein (Band C) of the variant (Ile507ATC) ⌬F508 CFTR even when only oneeighth the amount of native (Ile507ATT) ⌬F508 CFTR cell lysate samples were loaded.
The results obtained from cell lines expressing the native (Ile507ATT) or the variant (Ile507ATC) ⌬F508 CFTR strongly support the idea that the effects of mRNA misfolding and Phe deletion on the biogenesis of ⌬F508 CFTR are closely connected. Although the majority of the ⌬F508 CFTR mutants (native and variant) are degraded from the ER, the variant appears to be more stable and available for rescue. Importantly, any improvement in "escape" from ERAD could reduce the severity of the ⌬F508 phenotype. Therefore, these results provide a direct connection to the possible in vivo effects of SNPs and a rationale for further studies to identify the detailed trafficking and potential functional differences between the native and variant ⌬F508 CFTR.
DISCUSSION
The experiments presented herein draw attention to the effects of nucleotide deletions and synonymous SNPs on mRNA secondary structure and the consequences of the mRNA structural alterations on translation and protein folding. Our results also demonstrate that high fidelity computational methods (49, 50) and biochemical mRNA folding assays (27, 51) can provide background for studies investigating the dynamics of translation and protein folding.
Importantly, while several studies proposed that alterations in the secondary structures of mRNAs in the coding region may alter translation and protein folding (6, 7, 40, 41) , there is limited experimental data in the literature to support this hypothesis. The results presented herein offer significant experimental proof regarding this important prediction.
In an elegant study, Tinoco and co-workers (7) emphasized the importance of mRNA secondary structural elements on translational dynamics. Measuring the length of the pauses and translocation steps during translation, they noted that the mRNA hairpin loops influenced the length of pause cycles during translation without affecting translocation between codons. Therefore, these and our results have a direct correlation to what may occur during ⌬F08 CFTR biogenesis. The elongated translational pauses during the synthesis of the ⌬F508 CFTR NBD1 domain may delay cotranslational folding and signal the quality control (ERAD) machinery. If the elongated pauses initiate, or allow ubiquitination, this could result in early ERAD of ⌬F508 CFTR, as demonstrated by previous studies (52, 53) . The observation that ⌬F508 CFTR is cotranslationally ubiquitinated and quickly degraded through ERAD (45) supports this idea. Because strict rules govern the ERAD-associated processes of ubiquitin activation, ubiquitin linkage to proteins and retro-translocation (54), it is likely that translational rate modifications affect this process. Therefore, it is tempting to speculate that the slower translation of ⌬F508 CFTR (Ile507ATT) facilitates ERAD. The results presented in Fig. 4 support this hypothesis because the expression of the variant, Ile507ATC ⌬F508 CFTR resulted in higher levels of band B CFTR than the native (Ile507ATT ⌬F508 CFTR), likely because it was less accessible to ERAD (Fig. 4B) . However, the details how mRNA structural changes affect protein stability remains to be determined. Although our studies concentrated on the mRNA secondary structural alterations caused by the deletion of CTT in the human CFTR and introduction of the synonymous codon (ATT) for Ile-507, we also analyzed the codon frequency for Ile in the human genome and in CFTR. We did this based on previous studies suggesting that clusters of rare codons may cause translational pauses (55) (56) (57) (58) . We found that that while ATT is a less frequent codon than ATC, ATA is the rarest codon for Ile in the human genome. In CFTR, however, ATT is the most frequently used codon for Ile. Therefore, it is unlikely that the slight reduction of the codon frequency in a single locus (47% (ATC) to 35% (ATT)) with relative synonymous codon usage values changing from 20.9 to 15.8 would significantly affect tRNA availability. A study investigating the role of SNPs on CAT synthesis supports this idea (57) . Because excess amounts of Escherichia coli tRNAs did not alter the pause cycles, the authors suggested that mRNA structural alterations, rather than the limited availability of rare tRNAs, were responsible for translational pausing.
Codon usage, however, has been shown to be important for the folding and function of the MDR1 gene product, P-glycoprotein (P-gp). Studies by Gottesman and co-workers (59) demonstrated that SNPs that introduced rare codons into MDR1 altered both the structure and ligand specificity of P-gp. Considering that P-gp is an ABC transporter with structural similarities to CFTR (60), we asked the question whether the mRNA structure, the codon frequency, or the combination of the two were responsible for decreased ⌬F508 CFTR translation rates. Our studies on the variant, (Ile507ATC) ⌬F508 CFTR, helped to address this question. We showed that replacement of the Ile507ATT with ATC in the mutant resulted in a more WT CFTR-like mRNA structure. Most importantly, both the translational rate and cellular expression levels of the variant (Ile507ATC) ⌬F508 CFTR improved compared with the native (Ile507ATT), ⌬F508 CFTR. Therefore, these results are consistent with the idea that the reduced translational rates resulted from the mRNA secondary structural differences rather than the rarity of the ATT codon.
An earlier study provides further support for our hypothesis. It has been proposed that synonymous mutations that alter the cytosine content result in base pairing shifts that have significant effects on mRNA secondary structure (61) . Indeed, the ⌬F508 mutation in CFTR removes a cytosine from the third position of Ile507 by changing the codon from ATC to ATT. In contrast, if Phe-508 was encoded by the synonym TTC in the WT CFTR, deletion of CTT would not change the cytosine content of the region. Therefore, as suggested by Chamary and Hurst (61) and supported by our results from studies on the Ile507ATC ⌬F508 CFTR variant, the mRNA structural instability caused by the removal of cytosine, i.e. a longer singlestranded region in the mutation region, could be responsible for the reduced translational rate.
Furthermore, the poor correlation between the ⌬F508 homozygous genotype and the severity of symptoms implies the involvement of environmental factors and modifier genes in the development of CF (62). Our results presented herein suggest that in addition to CF modifier genes (63) , SNPs that result in mRNA structural changes may also contribute to the differences observed in the severity of symptoms between CF patients homozygous for ⌬F508.
Although we used the CFTR mRNA as our model, genetic mutations are likely to affect the structure of other mRNAs as well. Because, as in a number protein folding diseases involving early degradation of a partially functional protein, the exact amount of functional ⌬F508 CFTR sufficient to ameliorate the serious symptoms of CF is not known, it is critical that we understand all of the mutation-associated defects. Therefore, the results presented here provide the foundation for future studies to test the role of mRNA structure on protein folding and ERAD. This type of analysis will improve our understanding of the complex dynamics associated with membrane protein translation, membrane integration and folding.
